Understanding contrast mechanisms and identifying discriminating features is at the heart of diagnostic imaging development. This paper focuses on how pH influences the viscoelastic properties of biopolymers to better understand the effects of extracellular pH on breast tumour elasticity imaging. Extracellular pH is known to decrease as much as 1 pH unit in breast tumours, thus creating a dangerous environment that increases cellular mutatation rates and therapeutic resistance. We used a gelatin hydrogel phantom to isolate the effects of pH on a polymer network with similarities to the extracellular matrix in breast stroma. Using compressive unconfined creep and stress relaxation measurements, we systematically measured the viscoelastic features sensitive to pH by way of time-domain models and complex modulus analysis. These results are used to determine the sensitivity of quasi-static ultrasonic elasticity imaging to pH. We found a strong elastic response of the polymer network to pH, such that the matrix stiffness decreases as pH was reduced; however, the viscous response of the medium to pH was negligible. While physiological features of breast stroma such as proteoglycans and vascular networks are not included in our hydrogel model, observations in this study provide insight into viscoelastic features specific to pH changes in the collagenous stromal network. These observations suggest that the large contrast common in breast tumours with desmoplasia may be reduced under acidic conditions, and that viscoelastic features are unlikely to improve discriminability.
Introduction
Elasticity imaging continues to mature as a tool for breast cancer diagnosis because of its unique ability to describe mechanical properties of soft tissues. The excitement about diagnostic elasticity imaging stems from the large increase in stiffness (or equivalently a reduction in elastic strain) commonly associated with tumours. Specifically, elasticity imaging is able to image the characteristic signature of desmoplasia that is often specific to malignancies (Garra et al 1997) . Nevertheless, many early-stage lesions, some as large as 2 cm, do not change stiffness, which suggests a need to increase the mechanical feature space for diagnosis (PellotBarakat et al 2006 , Qiu et al 2008 . To realize the diagnostic potential of elasticity imaging, researchers must improve knowledge of the mechanisms by which breast diseases generate elasticity contrast.
Several groups are studying contrast mechanisms through different approaches to elasticity imaging. Each shares the aim of exploring viscoelastic (VE) properties of soft biological tissues for diagnosis. Quasi-static methods used by us and others (Ophir et al 1991 , Doyley et al 2006 , Khaled et al 2006 require that a constant stress is maintained on the tissue, while the materials strain response is monitored using ultrasound. In quasi-static elasticity imaging methods used in our laboratory (Sridhar and Insana 2007) , a force on the order of 4 N is suddenly applied to tissues in about 1 s and held constant for 10-200 s while frames of radio frequency (RF) echo signals are recorded. The RF signals are analysed to track tissue movements and thus generate a time series of strain images. To estimate VE parameters, we fit rheological model functions obtained via constitutive equations to the time-varying strain data. The slow timing of the applied ramp-and-hold force means that stress stimuli are applied at very low frequencies (quasi-static), typically in a bandwidth below 1 Hz. Dynamic methods (Sharma et al 2004 , Sinkus et al 2005 , Tanter et al 2008 , in contrast, apply much lower forces at much higher force-stimulation frequencies (>50 Hz), which is significant because hydrogels, including breast stroma and other connective tissues, exhibit frequencydependent material properties (Ferry 1980) . In this paper, we study the effects of pH on gelatin hydrogel dynamics at force frequencies between 10 −3 and 10 −1 rad s −1 . Our goal is to explore the sensitivity of quasi-static elasticity methods for imaging pH-sensitive VE properties in tissue-like media.
What occurs in breast tumours that could change VE properties? The answer originates with the molecular biology of cancer. Malignant mammary epithelial cells initiate a cascade of signaling pathways that interact with the extracellular matrix of breast stroma to stimulate tumour cell proliferation, differentiation, adhesion and concomitant support systems such as neoangiogenesis (Fata et al 2004) . Breast stroma, the supporting matrix of mammary tissue that determines mechanical properties, is known to play an active role in processes leading to malignant progression (Elenbaas and Weinberg 2001) . Depending on microenvironmental factors in the stroma, cell growth can be rapid and chaotic, thus producing heterogeneous, hypoxic neoplasms with acidic regions where growth has outpaced the nutrient supply and waste removal provided by regional blood flow. Irregular perfusion and increased lactic acid secretion by tumour cells produces pH gradients across cell membranes as large as 0.6 pH units (Gerweck et al 2006) , and extracellular pH (pH e ) gradients up to 1 pH unit across a 1 cm distance (Gillies et al 2004) . Acidic conditions are dangerous microenvironmental factors because they increase the rate of malignant cell transformation, in vivo metastasis, and the resistance to conventional therapeutics.
Variations in pH from the isoelectric pH (IEP) value 1 are also known to alter the matrix structure of many hydropolymers (Veis 1964) , including connective tissues, and thus the VE properties (Usha and Ramasami 2000 , Roeder et al 2002 , Seehra and Silver 2006 . Isolated extracellular matrix proteins have a net negative surface charge. They self-assemble in situ with conformations that seek stability near the IEP. We are investigating the role of pH on the VE properties of hydrogels so as to begin to understand its role in generating breast tumour elasticity contrast. The extracellular matrix of stroma undergoes a constant reorganization and growth during cancer progression. Therefore, temporal variations in tumour pH e are expected to generate a spatiotemporal modulation of structural extracellular matrix change. For hydrogels to be useful at modelling this situation, we need to modify the pH away from its IEP during polymerization.
Gelatin hydrogels were previously investigated as simple physical models of breast stroma in order to validate our elastic imaging techniques (Sridhar et al 2007a) . Although there are major differences between the structures of gelatin and extracellular matrix polymers, comparisons of their VE properties show that gelatin hydrogels can be a reasonable model for breast tissues (Sridhar et al 2007b, Sridhar and . The fibril form of natural type I collagen in the stromal extracellular matrix is a highly ordered elastic structure, stabilized by hydrogen and electrostatic bonds within and among the proteins. In addition to the net negative surface charge, hydrophilic proteoglycan molecules aid in structuring fluid in the collagenous matrix (Stoeckelhuber et al 2002) . In the denatured form of collagen, gelatin forms a lessordered elastic aggregate network containing polar side chains that aid in structuring fluids to form a hydrogel.
The goal of this study is to determine the degree to which quasi-static elasticity imaging is sensitive to pH changes in hydrogels. In this experimental study, homogeneous gelatin gel samples are constructed at pH levels about the IEP and tested using classic mechanical techniques. The results from these studies are used to predict and understand sources of pH-induced contrast in gelatin gel phantoms imaged with ultrasonic elasticity imaging. Gel data are used to begin evaluating the role of pH changes in diseased breast stroma.
Governing equations and model descriptions
We performed two types of transient mechanical experiments on gelatin gels: creep and stress relaxation. Our primary focus was on creep because we can image the strain response. The stress relaxation experiment, which mechanically stimulates the gel with a strain rather than a stress, was used because it provides an alternative perspective of the material properties. In this study, creep tests took the form of unconfined uniaxial compression, where the stress is applied to the top surface of the sample in about 1 s and held for at least 1800 s. The ramp is approximated as a step function. These creep tests were performed on both the homogeneous gel samples and the elasticity imaging phantoms. The stress relaxation test was only performed on the homogeneous gel samples, and is also an unconfined uniaxial compression test, where the applied strain is assumed to be a step function as the strain is applied to the top surface of the sample in about 1 s and held for 3600 s. Detailed descriptions of the relevant constitutive equations for these experiments are described elsewhere (Sridhar et al 2007a) . The constitutive equations were applied in the development of rheological models to parameterize creep data for imaging. The following descriptions are specific to results in this paper.
The constitutive equation for uniaxial compressive creep is given by
where ε(t) is the strain response along the axis of σ (t), the uniaxial applied stress, and D(t) is the compressive compliance. The frequency responseε(ω) of equation (1) is found from the Fourier transform,
whereε(ω),σ (ω) andD(ω) are the Fourier transforms of ε(t), σ (t) and D(t), respectively, and i = √ −1. The frequency-dependent material properties are described by the complex modulus E * (ω), which is related to the transient experiments by equation (3), where E (ω) and E (ω) are the real and imaginary parts of E * (ω), respectively (Tschoegl 1989 , Fried 2003 :
It is advantageous to analyse data in the frequency domain because it provides separable information about mechanical energy stored (real part) and lost (imaginary part) (Ferry 1980) , which emphasizes the elastic and viscous components. Since for creep experiments used in this study σ (t) ∼ = σ a u(t), 2 the compressive compliance D(t) is simply ε(t)/σ a . Also, 1/E * (ω) is estimated from the strain data by taking the Fourier transform of the derivative of D(t).
Based upon previous experience with creep tests on gelatin gels, the time-domain strain response is well modelled by a generalized Voigt model. This complex polymer network likely has a contribution from a continuum of responses as described by equation (4). A discrete version of the model as shown in equation (5) is a good approximation that can be used to parameterize the material response by focusing only on the K largest eigenvalues (Sridhar et al 2007b) . ε 0 is the strain amplitude of the initial elastic response, and the parameters ε k and T k represent the amplitudes and time constants of the VE components, respectively, for each discrete Voigt element. Previously (Sridhar et al 2007a , Yapp et al 2007 it was shown that a bi-exponential model with a linear component representing a purely viscous response (β = σ a /η 0 , where η 0 is the viscosity coefficient) was a good approximation to experimental data as seen in equation (6). However, new evidence suggests this linear component is a viscoelastic element with T 3 T 1 , T 2 . Thus, in this study we modelled the creep response with a tri-exponential Voigt model with β = ε 3 /T 3 representing the k = 3 viscoelastic component approximated from its first-order Taylor series expansion. This tri-exponential model was obtained from experimental data by first estimating and subtracting the linear component βt from the creep data, followed by fitting the time-domain strain data to a discrete bi-exponential Voigt model as described elsewhere (Sridhar et al 2007a (Sridhar et al , 2007b :
A similar analysis is applied to the stress relaxation test, which is assumed to have a step strain input ε(t) = ε a u(t). The constitutive equation governing the stress relaxation test is given in equation (7),
where E(t) is the compressive modulus. The complex modulus, E * (ω), is estimated from the stress data by taking the Fourier transform of the derivative of E(t) = σ (t)/ε a as (Tschoegl 1989, Sridhar et 
whereẼ(ω) is the Fourier transform of E(t).
(a) (b) Figure 1 . This figure displays schematics of the three experimental methods. Part (a) illustrates unconfined uniaxial compression (when the stimulus is stress this is a creep experiment, and when the stimulus is strain this is a stress relaxation experiment). Part (b) illustrates the elasticity imaging experiment.
The Fourier transforms of compliance and modulus from stress relaxation and creep experiments are related byD(ω)Ẽ(ω) = 1/(iω) 2 . The elastic modulus E 0 = E(t = 0) = σ (t = 0)/ε a is found from stress relaxation data, and is related to the elastic compliance
ω) may be estimated from either experiment. The goal of this study is to estimate pH dependence on estimates of ε k , T k , E 0 and β for gelatin hydrogels.
Creep tests performed on homogeneous gel samples share the same experimental geometry as elasticity imaging studies. To avoid confusion, the results of creep experiments performed on homogeneous gel samples will be referred to as 'creep' measurements and those of elasticity imaging experiments will be referred to as 'elasticity imaging' measurements from this point forward. Contrast parameters found from the creep measurements are used as an aid for verifying and predicting imaging parameters in the elasticity imaging measurements. Information gained from stress relaxation data as well as E * (ω) provides additional insight into the source of VE contrast with pH and is used as a tool for physical interpretation of imaging parameters.
Methods

Hydrogel samples
The three different experiments performed on gelatin gels are illustrated in figure 1. For creep and stress relaxation measurements, samples of the same shape were used (section 3.2); however, the elasticity imaging experiment used gel phantoms of a different shape and construction (section 3.3). To avoid confusion the gel samples for creep and stress relaxation measurements are referred to as 'gel samples', and gel samples for elasticity imaging are referred to as 'gel phantoms'. We found that mechanical properties of these gels are extremely sensitive to slight variations in thermal history during production, storage and experimentation. Effort was made to create gel samples in which the conditions were similar in order to better relate the results across experiments; the commonalities are described here.
All gelatin gel samples were constructed with 250 bloom strength, type B gelatin provided by Rousselot (Dubuque, IA). Type B gelatin is obtained from animal hides by an alkali hydrolysis reaction. The IEP of the particular gelatin used in this study is known to be in the range 4.8-5.2. Gel samples are comprised of 8% w/w gelatin, 91.9% w/w deionized water and 0.1% w/w formaldehyde. The formaldehyde is a 37% w/w solution purchased from Thermo Fisher Scientific (Waltham, MA). Under these conditions the pH of the hydrogel is 5.6. This pH is close to the IEP reported by the manufacturer. According to Hitchcock (1931) , the pH of the gel will approach the gelatin IEP as the gelatin concentration in water increases. In this study, pH 5.6 is referred to as the IEP. The pH of the gels was lowered by adding a volume 1N HCl and raised using 1N NaOH as described below. A pH meter, model UP-5, equipped with a glass-body liquid filled micro combination electrode from Denver Instruments (Denver, CO) was used to measure the pH of the gels.
The combination of gelatin and water was heated in a water bath at 60
• C for 1 h and stirred every 10 min. Once the gelatin solution was removed from the heat, it was allowed to cool at room temperature (21-22
• C) to 50
• C before adding formaldehyde. Further sample preparation varied between the two types of gel samples as discussed below.
Gel samples for creep and stress relaxation measurements
The purpose of creating homogeneous gel samples at pH levels 4.6, 5.6 and 6.6 was to systematically study the mechanical properties of gelatin gels ±1 pH unit about the IEP. Creep measurements on these gels were used to determine pH-sensitive contrast parameters. Stress relaxation measurements provided an alternative method for analysing VE properties as a function of pH. Both measurements allowed estimation of E * (ω) and associated VE parameters as a function of pH. At each pH level (pH 4.6, 5.6 and 6.6) four gelatin gel samples were created from a single batch: two samples were used for creep and two for stress relaxation. The room temperature from the time of sample construction until measurement did not vary more than 1
• C. Gel samples constructed for the unconfined creep and stress relaxation tests were homogeneous cylinders of height and diameter 44.5 mm. After preparing the gel solution as described in section 3.1, HCl or NaOH was added as necessary to the gelatin solution immediately following the addition of formaldehyde. The solution was then further cooled to 40
• C before being poured into rigid plastic molds. Mold release (Pol-Ease 2300 by Polytek, Easton, PA) coats the inside of the mold to prevent adhesion of the gel with the plastic. The total polymerization time (t p ) is considered to be the time from which the gel is allowed to start cooling until the time the sample is tested. For these gels, t p = 48 h at room temperature. The quantities of HCl and NaOH necessary to shift the gelatin solution pH were empirically determined by slowly adding the acid or base just after the addition of formaldehyde, while simultaneously monitoring the pH with the pH meter. These quantities are displayed in table 1. Based upon these findings, an asymmetric relationship is observed about the IEP in regard to the number of H + and OH − ions needed to shift the pH. This observation is in agreement with previous studies of type B gelatin (Veis 1964) .
Gel phantoms for elasticity imaging measurements
The purpose of this elasticity imaging study was to detect VE contrast due to spatial variations in gel pH in an otherwise homogeneous phantom. This was accomplished by creating a region at the centre of a gel cube that was allowed to polymerize in the presence of an acid or a base. Introduction of a localized pH change in the gel solution before polymerization to the gel state is intended to simulate changes in breast tissue stroma near acidic tumours. Imaging phantoms were constructed using the gelatin solution as described in section 3.1. After the formaldehyde was added, the gelatin solution continued to cool at room temperature to 45
• C after which 3.35% w/w graphite was mixed thoroughly with a spoon. When the gel temperature reached 40
• C, the still molten solution was placed into a vacuum chamber for < 5 min to remove gasses introduced by the graphite suspension process. The solution was then poured into a mold and cooled at room temperature. The inside surfaces of a 50 mm cubic phantom mold case are coated with mold release, and one piece of PE-50 tubing (OD: 0.965 mm, ID: 0.58 mm) was inserted through the centre of opposing sides of the acrylic mold. The phantom case apparatus was attached to a rotation table and rotated at 1 rpm for approximately 2 h to prevent graphite settling as the gelatin solution polymerized.
Graphite was added to these phantoms to provide ultrasonic tissue-like scattering and absorption. In comparison with the creep and stress relaxation samples, we assume the effect of graphite on the gel mechanical properties is small. According to Hall et al (1997) graphite produces a small effect on gel stiffness giving an elastic modulus difference on the order of 1 kPa between a phantom with and without graphite at 5.5% w/w concentration.
After approximately 2 h of rotation, the gelatin solution was a very weakly polymerized gel. Fluids could freely diffuse in the highly viscous medium. At that time, the central region of the gel was introduced to an acid or base by slowly infusing the HCl or NaOH into the PE-50 tubing, while the tube was slowly withdrawn from the case at a relatively constant rate. The goal was to leave a uniform linear path of the acid or base that could quickly diffuse without also leaving a structural defect in the gel once it had fully congealed. After injection, the phantom quiescently congealed at room temperature for 48 h before measurement. Three phantoms were constructed: an acidic injection of 1N HCl, a control injection of deionized water mixed with HCl to have a pH of 5.6 and a basic injection of 1N NaOH.
Creep and stress relaxation measurements
Creep and stress relaxation measurements were performed on the gel samples described in section 3.2 using a TA.XT Plus Texture Analyzer System and a 1 kg load cell (Texture Technologies Corp., Scarsdale, NY). Displacement and force data were acquired at 10 samples s −1 . The top and bottom of the gel samples were coated with a thin layer of oil to provide free-slip conditions and minimize desiccation. The gels were compressed using a 3 inch diameter flat aluminum plate. An acrylic environmental box enclosed the analyser system to stabilize temperature and minimize air flow around the samples.
To determine the linear stress-strain range of the gel samples, a 30 g pre-load (∼2% strain) followed by a cyclic triangular-wave pattern of loading and unloading an additional 10% strain at a period of 25 s was applied to the samples. These tests were performed using the analyser system. A pre-load was applied to minimize tensile forces between the compression plate and the sample during the unloading portion of the cycle. The pre-load also minimized displacement uncertainty due to loss in sample height. Analysis of the stress versus time data (figure 2) suggests that the transient effects of the gels are minimal after about 35 cycles, and the loading curve is approximately linear over the range of 10% engineering strain. Taking the slope of the loading portion of the 40th stress-strain curve provides an estimation of the elastic modulus (E 0 ) for each sample. Because of the transient response of the gel samples, this procedure was used to precondition all gel samples immediately before creep or stress relaxation measurements.
Creep curves were measured by applying a uniaxial stress of σ a = 720 Pa to samples, while stress relaxation curves were recorded by applying a uniaxial strain of ε a = 0.08. For both experiments, the stimulus was applied during a 1 s ramp and held constant for 3600 s. The output strain or stress data are processed under the assumption of a step input by shifting the first point of the output after the ramp to time = 0 s. The ramp data were disregarded. This approximation has a minor impact on the spectral response up to ω = 10 −1 rad s
as described elsewhere (Sridhar and Insana 2007) . Under this assumption the initial elastic response of each of these experiments provides an additional estimation of E 0 .
Elasticity imaging measurements
Strain imaging experiments were performed on the pH injection phantoms described in section 3.3 in the form of an unconfined uniaxial creep test as described elsewhere (Sridhar et al 2007b) . The bottom surface of the phantom was coated in oil to simulate free-slip boundary conditions, and the top surface was coated with an acoustic coupling gel. A flat plate that holds the ultrasonic transducer was attached to a motion controller. The motion controller was programmed to ramp up to the applied stress level (between 850 and 900 Pa) in 1 s and was held constant for 1800 s. A uniaxial stress was applied in the direction of the sound beam and normal to the top surface of the phantom. The stress was measured using a digital scale (Denver Instruments model TR-6101, Denver, CO) positioned beneath the phantom. The scale provided feedback to the motion controller for both applying and maintaining a constant stress. A photograph of the experimental setup is provided in figure 3 . RF echo data were acquired by a Siemens Sonoline-Antares system with the ultrasound research interface (URI) feature and a VF10-5 linear array transducer transmitting at 8 MHz. The RF frame rate was controlled through a waveform generator connected to the ECG trigger input. Data were acquired at four frames per second for the first 80 s and then at two frames per second for the final 1720 s. The initial acquisition rate is sufficient to capture the initial elastic response and short-duration viscoelastic responses. A pre-load strain of approximately 2-3% was applied to the phantom to ensure good acoustic contact with the transducer. Strain images were generated using the multi-resolution cross-correlation algorithm (Chaturvedi et al 1998) .
pH indicator gels
An independent experiment using pH indicator solution (universal pH indicator system from Thermo Fisher Scientific, Waltham, MA) was performed as a way to independently assess the pH of the gel visually by colour contrast. This study was used to both validate that changes in viscoelastic properties were related to pH changes and to aid in the identification of the true pH distribution in the phantoms. Gelatin gels were manufactured according to the general procedure described in section 3.1. A set of gel samples was created by systematically changing the pH to 4.6, 5.6 and 6.6. Immediately following the addition of HCl or NaOH, 1% w/w pH indicator was added; the samples were thoroughly mixed and colour photographs were taken with a digital camera at t p = 48 h. From the image data, a colour was assigned to each pH level. A version of the elasticity imaging phantoms with HCl and NaOH injections was also created. The phantoms were prepared as described in section 3.3 except pH indicator solution (1% w/w) was added after the formaldehyde and graphite was omitted. After the HCl or NaOH was injected, the spatial variation in pH was tracked by observing colour variations. Photographs of these gels were taken at t p = 48 h.
Results
Results of creep and stress relaxation measurements
Time-and frequency-domain methods were applied to creep and stress relaxation measurements of gel samples to estimate and interpret VE parameters with pH. In this section, we describe the results obtained via these methods as well as a discussion of sources of systematic experimental error.
Time domain.
Representative creep curves for gel samples at pH 4.6, 5.6 and 6.6 are displayed in figure 4. To find pH sensitive parameters, we fit the creep data to a tri-exponential Voigt model (figure 4). To be consistent with the acquisition time of the elasticity imaging measurements, we only used the first 1800 s of creep data for curve fitting. The Voigt model used in this study (section 2) contains the strain amplitude parameters ε k that describe the elastic response, as well as time constants T k that describe the viscous response to a constant mechanical stress. The k = 3 terms cannot be resolved with an acquisition time of 1800 s, thus they are represented by a single parameter β, which represents the first-order Taylor series expansion of the k = 3 VE Voigt element. Based upon curve fitting results, it is clear that strain amplitudes decrease with pH, which corresponds to an increase in the elastic response with pH. However, this response is asymmetric about the IEP because a 1 pH unit decrease from the IEP causes a larger change in the strain amplitudes than a 1 pH unit increase. Also, the strain amplitudes (ε 0 , ε 1 , ε 2 ) and β are much more sensitive to pH than the VE time constants (T 1 , T 2 ). Even though there are only two samples at each pH, similar results have been obtained in a previous investigation (Yapp et al 2007) . Since pH variations in hydrogels were found primarily in the strain amplitudes and β, it is reasonable to focus the analysis of pH effects on ε 0 and β. Further analysis of the other exponential amplitude components is neglected because their amplitudes are approximately two orders of magnitude smaller than the ε 0 amplitude for gelatin gels, and therefore measurements of ε 1 and ε 2 have much higher percent errors than for ε 0 . β is chosen for further analysis as well because it represents contrast evident at longer measurement times. The time-domain results of representative stress relaxation data for different pH gels 4.6, 5.6 and 6.6 are displayed in figure 5. It is evident from the σ (t) results that the initial elastic response (σ (t = 0) = σ 0 ) of the gel samples increases with pH in an asymmetric fashion about the IEP similar to that observed from the creep data.
As discussed in section 3.4, stress-strain preconditioning was performed on all gel samples prior to creep or stress relaxation measurements. This preconditioning provided a measurement of E 0 for each of the four gel samples at each pH level. These results are summarized in table 2 whereĒ 0 is the average modulus measurement of the four samples and SD is the sample standard deviation. E 0 was also estimated from the initial elastic response ε 0 and σ 0 of the creep and stress relaxation time-domain measurements, respectively. Thus we have three methods for estimating E 0 for each pH level. Because of systematic error due to thermal history (discussed in section 4.1.3) it is more useful to compare ratios of E 0 with respect to pH 5.6 in order to focus on contrast due to pH changes rather than sample variations. We define a parameter, E CR =Ē
, to describe these ratios. The E CR values corresponding toĒ 0 measurements from stress-strain preconditioning, creep and stress relaxation measurements on gel samples are displayed in figure 6(a) . A similar ratio approach is taken for analysis of the β parameter determined from creep measurements. We define β CR = β| pH β| pH=5.6 for this purpose and plot results in figure 6(b). E CR and β −1 CR are ratios that describe quantities that are inversely proportional to a strain amplitude. The time-domain creep and stress relaxation measurements on gel samples provide two pH sensitive imaging parameters, E CR and β
−1
CR . E CR describes changes in the elastic modulus due to variation in instantaneous strain, while β −1 CR describes long-term changes in the elastic response.
Frequency domain.
Creep and stress relaxation measurements on gel samples provide independent estimates of E * (ω) as described in section 2. For this frequency-domain analysis, the full 3600 s of data were used to maximize the frequency bandwidth. Representative storage E (ω) and loss E (ω) modulus spectra for pH levels 4.6, 5.6 and 6.6 for both creep and stress relaxation data are displayed in figure 7. Analysis of E * (ω) spectra show that the storage modulus is much more sensitive to pH changes than the loss modulus, which is consistent with time-domain analysis.
Systematic error.
We have observed that the thermal history of gelatin gels can be a major source of systematic error amongst gel sample sets. The thermal history of the gel includes all the temperature history from the time the gel was manufactured (the moment the gelatin and water were combined) until the time of testing. In these studies, the thermal history due to cooking the gel is well controlled; however, the storage temperature is dependent upon the room temperature of the laboratory. Thus, the storage temperature of the gels is the dominant source of systematic error due to thermal history in mechanical measurements. In this section, we describe ways to avoid bias when comparing across sample sets by studying the measurement variabilities. Three different batches, all at the IEP, are considered. The first two each contain four samples that polymerized under similar average storage temperaturē T conditions over t p .T was determined by averaging the storage temperature recorded at three equally spaced time intervals over t p . The third batch contained three samples that polymerized at a higherT . Figure 8 displays how the average elastic modulusĒ 0 varies withT for the three batches. The results of this study indicated that E 0 measurements for gelatin gels are sensitive to modest variations in storage temperature. When all 11 samples from the three batches are considered as drawn from a single distribution, the sample standard deviation is 10% ofĒ 0 . If only the samples from the first two batches are considered, the sample standard deviation is 2%. These results indicate that it is important to maintain < 1
• CT differences between gel sample batches to avoid systematic error in E 0 measurements.
Elasticity imaging
In this section, we describe the results obtained from elasticity imaging experiments described in section 3.5. As shown in figure 9(a) , the standard ultrasonic B-mode image shows little to no contrast near the injection site. The procedure for imaging viscoelastic parameters is provided elsewhere (Sridhar et al 2007b) . We obtained ε 0 images for all three phantoms, and a β image for the acid injection phantom as displayed in figures 9(b), (d) and (f) (ε 0 image for the control pH 5.6 phantom is not displayed). To evaluate elasticity pH imaging, an understanding of the mechanical properties of the gel under differing pH conditions is necessary, and the true pH of the inclusion must be known. To accomplish these tasks, the following two approaches have been taken: (i) Use ε 0 and β images from gel phantoms to obtain E CR and β −1
CR parameters for comparison with creep and stress relaxation measurements.
(ii) Use the images of the pH indicator gels to predict the pH distribution in the gel phantoms.
To implement the first approach, a point-by-point inverse of the ε 0 and β images was taken to represent images approximately proportional to E 0 and β −1 images. The relationship is approximate because in practice the stress distribution is not spatially uniform. However, for the low strain contrast in this study, the inverse technique under the assumption of a uniform stress is a good approximation (Ponnekanti et al 1995) . It is assumed that the pH of the background of the gel phantom is 5.6 when estimating E CR and β −1 CR . Lateral profiles of each image were taken from the average of the axial data in the outlined regions displayed in figure 9 . Profiles are displayed in figures 9(c), (e) and (g).
The acidic phantom ε 0 image (figure 9(b)) shows local softening (bright strain), which corresponds to a reduced modulus as emphasized by the E CR profile ( figure 9(c) ). This phantoms β image (figure 9(d)) also shows a brightening about the injection site. The corresponding β −1 CR profile (figure 9(e)) gives a minimum of approximately 0.7. By comparing the E CR and β −1 CR profiles from the acidic phantom images to the E CR and β −1 CR values obtained from gel samples at pH 4.6 (figures 6(a) and (b)), we infer that the centre pH of the acid phantom is approximately 4.6. The pH increases outward from the centre of the injection until it reaches pH 5.6 resulting in a spatial distribution of pH covering approximately 1.5 cm.
The ε 0 image of the control pH 5.6 phantom (not displayed) and the corresponding E CR profile (figure 9(c)) show some softening near the injection site, suggesting a structural weakening of the polymer as a result of excess fluid and tube withdrawal during polymerization.
The base injection phantom ε 0 image (figure 9(f)) and E CR profile (figure 9(g)) indicate that the centre of the phantom is soft with an E CR close to the background, but moving outwards from the centre a stiffening effect is observed. The E CR values associated with the two peaks surrounding the centre in figure 9(g) are approximately twice the maximum E CR measured with the creep and stress relaxation experiments in figure 6(a) . The size of the base inclusion is larger than that of the acid inclusion with a diameter of approximately 2.5 cm. The differences in size of the inclusions and the high E CR values observed in the base phantom may be the result of the gels enhanced buffering capacity to acids in comparison with bases. It was seen in table 1 that a much greater volume of acid was required to shift the pH of the gels to a lower value than the amount of base needed to shift the pH upward.
The second approach to the evaluation of pH-induced elasticity imaging is to estimate the pH distribution of the pH injection phantoms using colour contrast from gels with indicator solution. To calibrate for the colours associated with different pH levels, individual gel samples were created with the pH indicator solution at the same three pH levels 4.6, 5.6 and 6.6 used for creep and stress relaxation measurements. Grey scale images provided the best contrast between pH 4.6 and pH 5.6 gels, and analysis of the red colours present in the RGB colour space provided the best contrast between pH 6.6 and pH 5.6. This analysis was first performed on the homogeneous pH indicator gel samples in order to find contrast standards for this study and then applied to the phantoms. Regions of each gel sample image were analysed by finding the mean and standard deviation of the colour intensity. Then contrast ratios of the mean values with respect to pH 5.6 were taken. To be consistent with E CR and β −1 CR measurements, the contrast ratios were normalized by the pH 5.6 gel values and therefore the more acidic gels measured less than one and the more basic gels measured greater than one. The contrast ratios are presented in figure 10(a) .
Applying this same analysis technique to the injection gel phantoms with pH indicator solution (images displayed in figures 10(b) and (c)) requires the assumption that the background of the gel is pH 5.6. In a similar manner to the ε 0 image processing, lateral contrast ratio profiles from the selected region depicted on the images were analysed. The profiles, as seen in figures 10(d) and (e), in comparison with the contrast ratios presented in figure 10(a), suggest that the peak pH due to the acid injection is slightly lower than 4.6 and the width of this peak is approximately 2 cm. The basic injection gel phantom has a centrally located maximum pH with contrast approximately four times that found for the pH 6.6 colour contrast. The width of this peak is approximately 2.5 cm, which is in agreement with the width determined from the elasticity imaging study. The spatial distribution of pH in the heterogeneous gel phantoms is a result of a high concentration of acid or base diffusing outward from the centre of the injection site. Initially, the acid and base is very concentrated at the centre. At the time of injection the gelatin solution has not completely polymerized, thus the acid or base freely diffuses outward. The spatial change in pH between injection and measurement is not known; we only analysed the pH of the gel at t p = 48 h.
Because the basic injection gel phantom has contrast outside the range of the known pH contrast, it is likely that the pH at the centre of the phantom is much greater than 6.6. The pH indicator gel profile (figure 10(e)) does not have contrast minima located at the centre of the inclusion as it does for the E CR profile in figure 9(g). This observation suggests that gels become softer when a critical pH level is exceeded; this type of behaviour was previously observed by Cumper and Alexander for type B gelatin gels with a similar IEP (Cumper and Alexander 1952) . Rigidity (shear modulus) data reported by these authors have been reproduced in a modified version to represent E CR contrast as seen in figure 11 . In terms of E 0 , it is reasonable to assume that contrast evident from the shear modulus (G) is the same as that for the initial elastic response of unconfined uniaxial compression under the assumption of an incompressible material such that E 0 = 3G (Tschoegl 1989) . Analysis of the data presented in Cumper's study suggests that G is maximum at approximately pH 10. The E CR for pH 10 is about 1.2, which is the approximate maximum E CR evident from the basic injection phantom ( figure 9(g) ). According to Cumper, the E CR near pH 11 is similar to that of pH 5.6, thus it is reasonable to assume that the centre of the basic injection phantom has a pH near 11.
Discussion
Figures 4 and 7 show that the amplitudes of the VE Voigt units representing creep data are similarly affected by pH: in all cases strain decreases with pH as the gel stiffens. We also found that the VE time constants in figure 4 are insensitive to pH changes. Consequently, the principle VE effects of pH on the hydrogel within ±1 pH unit of the IEP appear to be elastic and not viscous.
Furthermore, in a study where finite-element model results were fit to gelatin hydrogel creep measurements for the unconfined geometry typical of elasticity imaging, we found that fluid motion in the gel occurs quickly (seconds) and is a relatively small component of the observed creep response (Kalyanam et al) . This observation suggests that time-varying strain in hydrogels at any pH is dominated by elastic and viscoelastic responses of the collagen . Approximate E CR values versus pH from the original data of Cumper and Alexander (1952) . The data presented in this figure are a modified version of that originally published by AJSR. The data value at pH 5.6 was not provided by Cumper and Alexander; we interpolated this value from the two data points surrounding pH 5.6. Permission to reproduce this modified version of the data was granted by CSIRO publishing. The full text of Cumper and Alexander's article can be accessed via either subscription or pay-per-view services at http://www.publish/csiro.au/nid/52/issue/3400.htm. matrix more than the poroelastic response from fluid flowing through the matrix. Therefore, we should study how the collagen matrix changes with pH to understand the corresponding creep responses.
Individual fibres of type I collagen, as found in gelatin and breast stroma, deform elastically (Buehler and Wong 2007) . However, the connections among fibres that determine hydrogel dynamics are primarily weak molecular bonds. These bonds regulate gel stiffness depending on the net electric charge density of the collagen molecules, and pH will affect the charge density.
The triple-helix structure of native collagen is stabilized internally by inter-chain hydrogen bonds and is efficient at cross linking with other helices (Gobeaux et al 2008, Bhattacharjee and Bansal 2005) . Denatured forms of collagen, e.g. gelatin, have a lesser proportion of triple helices due to partial renaturation in the gel state (Djabourov 1988) , and therefore gelatin gels are more fragile than native forms at the same collagen concentrations. Increasing pH above the IEP during gelation favours the formation of helical structures in gelatin gels (Mohanty et al 2007) that results in the greater storage modulus (Joly-Duhamel et al 2002) of the gel we observed at higher pH values. Decreasing the pH below the IEP has the opposite effect. In addition, IEP gels have the largest average molecular weight. Increasing or decreasing the pH from the IEP degrades the gelatin molecules, although the amount of degradation is greater for acidic gels (Mohanty et al 2007) , resulting in shorter gelatin fragments. pH adjustments also induce structural changes in collagen (Usha and Ramasami 2000 , Roeder et al 2002 , Seehra and Silver 2006 . Roeder et al (2002) found that an increase in pH produced fibrils of longer length, while a decrease in pH resulted in shorter collagen fibrils. The same study found that the elastic modulus increased with pH as a consequence of fibril length. Longer fibrils increase the mechanical integrity of the collagen network.
Similar modulus measurement trends were observed by Seehra and Silver (2006) when studying tissues subjected to pH changes. They attributed the enhanced modulus at basic pH to the high excess of net negative charges on a collagen molecule indicating that repulsive forces between molecules may prevent flexible regions from deforming resulting in strain hardening. This combination of the change in average molecular weight, fraction of helical structures, charge density and polymer length with pH favours a predominantly elastic response to pH variations that we (figure 6) and others (figure 11) have observed in hydrogels.
Our hypothesis is that the pH effects on VE properties observed in hydrogels can serve as a model for pH effects on breast stroma elasticity. As a focal grouping of cancer cells rapidly grows beyond the capacity of the local blood supply, the extracellular pH in that region is reduced. Consequently, as tropocollagen segments emerge from stromal fibroblast cells, the acid conditions reduce their ability to self-assemble into long extracellular matrix fibres. We simulated the conditions of acidic breast stroma through changes in pH during gelatin polymerization. It is important to change the pH at the appropriate time in gel formation. We originally attempted to inject acids and bases into cross-linked gels, but quickly found that osmotic forces drew fluids to the injection site depending on the ionic concentration. Regardless of the pH we always found that the injection site was much stiffer than the surrounding gel. Changing pH during gelation gave an imaging response consistent with that of the uniform gel samples and the pH indicator gels.
In conclusion, at pH values in the range of ±1 unit about the IEP, the elastic modulus of hydrogels increases with pH. For gelatin gels IEP = 5.6 and for collagen IEP 7 (Usha and Ramasami 2000 , Highberger 1939 ). The observed pH effects on mechanical properties are predominantly elastic, which is consistent with the literature describing how pH can influence the molecular structure of collagen. Although we did not specifically investigate the spatial resolution of elasticity imaging methods for detecting pH changes, the imaging results shown here suggest that the spatial resolution of pH-induced contrast is comparable to other important types of strain image contrast, such as variations in collagen density (Liu et al 2004) . Insofar as gelatin hydrogel measurements mimic breast stroma, it seems that acidic breast tumours may be more detectable through contrast in elastic strain images than viscoelastic (timevarying strain) image properties, at least in the quasi-static bandwidth of force stimuli. We found recently that nonpalpable breast lesions can be classified as malignant or benign based on contrast in the time constant T 1 , and that elastic strain was not discriminating between these classes (Qiu et al 2008) . Under the assumption that our hydrogel model mimics the VE response of stroma, our observations suggest that extracelluar pH is not likely to be a diagnostic indicator for malignant-benign discrimination. Acidic tumours are more dangerous clinically and may have a lower elastic strain contrast than equivalent tumours of normal pH.
